Introduction
Transgenic animals with a recoverable and selectable target gene for mutagenesis studies allow for the study of mutational processes in specific tissues in vivo. In this paper we present data on mutations recovered from various tissues of such animals in the absence of an exogenous mutagenic treatment. Mechanisms which produce the majority of lacl mutations (such as the one producing mutations at CpG sequences) are similar in different tissues. In addition, the establishment of tissue-specific background mutant frequencies and mutation spectra are essential as a basis for comparison with in vivo mutations induced by mutagens and carcinogens. The ability to study mutation in specific tissues provides a powerful approach to the study of carcinogenesis, since carcinogens generally produce tumors in a selected set of target tissues. Moreover, chemicals that produce tumors in one set of tissues in male mice may yield tumors in a different set of tissues in female mice or in rats. Consequently, analysis of mutations from different tissues, i.e. target and non-target tumor tissues, will likely provide valuable information on the mechanisms by which carcinogens exert species-or sex-specific tissue effects.
Tissues differ in a number of aspects potentially relevant to mutagenesis and carcinogenesis. These include methylation, xenobiotic metabolism, DNA repair capacity and the rate of cell proliferation. Differences in methylation may have implications for the tissue specificity of spontaneous mutations and tumors. Kochanek et al. (1990) have shown that the promotor regions of many genes are differentially methylated in different cell types (granulocytes, lymphocytes and sperm). Similarly, Gundersen et al. (1992) showed that the transgene thy-l in mice has different methylation patterns in tail, placenta, ovary, extra-embryonic membrane and sperm. Such differences in methylation patterns likely affect not only the frequency of spontaneous mutation but the distribution of mutations in the gene as well.
Metabolic tissue differences are evident in the differential expression of a number of proteins, including the P450 cytochromes, acetylases and transferases involved in the metabolism of exogenous compounds. These enzymes play a particularly important role in liver and demonstrate an expression pattern unique to that tissue (Rosenberg, 1991; Simpson et al, 1993; Kashfi et al, 1994) , while other distributions are seen in other tissues. Similarly, myeloperoxidases are active in bone marrow, where they are involved in the metabolism of benzene and phenol metabolites (Kolachana et al., 1993) , but are absent in other tissues. Cell proliferation is also important for mutagenesis, as mutant frequencies may depend upon the number of cell divisions and generally require cell division for fixation of premutagenic lesions as mutations. Bone marrow and skin tissue are some examples of tissues undergoing rapid cell division, while neurons in the brain and most heart cells do not undergo cell division.
We have previously presented an extensive database of spontaneous mutations in the lacl gene recovered from liver tissue (De Boer et al, 1997) . In this report we describe and compare the DNA sequence alterations in eight different tissues of the lacl transgenic mouse.
Materials and methods

Origin of the mutants
The mutants that were sequenced for this study were obtained from untreated control mice which were part of exposure experiments carried out by Stratagene Inc. and Procter and Gamble. Some of these studies were performed before assay standardization (Rogers et al., 1995) . However, as addressed in the Discussion, this is not expected to change the mutation spectrum of these mutant sets. The mutants were isolated from the liver, spleen, kidney, stomach, lung and bone marrow of 3-12-week-old male B6C3F1 lacl transgenic mice (Stratagene), from bladder of female B6C3F1 lacl transgenic mice (Stratagene) and from skin of male C57B1/6 transgenic mice according to established protocols (Gorelick et al, 1995; Rogers et al, 1995) .
Isolation of a DNA fragment containing the lacl gene
Purified bacteriophage suspensions were stored in SM solution (100 mM NaCl, 50 mM Tris-HCl, pH 7.5, 16.7 mM MgSO 4 , 0.01% w/v gelatin). Sectored mutant plaques (only a part of which are blue, because of ex vivo mutation) were not included in the analysis. A DNA fragment of 1254 bp containing the lacl gene was amplified by PCR using two primers complementary to positions -53 to -37 (5'-CCCGACACCATCGAATG-3') and positions 1201 to 1185 (5'-ACAATTCCACACAACATAC-3'). A PCR reaction (100 Ul volume) to amplify the lacl gene contained 15 mM Tris-HCl, pH 8.8, 1.5 mM MgCl 2 , 60 mM KC1, 250 |lM each dNTP, 20 pmol each primer, 5 Ul phage supernatant and 20 U Taq DNA poiymerase. Amplification was performed in 100 ul volumes in a Perkin Elmer 9600 thermocycler, using 30 de Boer Rogers et al. (1995) ; Young et al. (1995 ) Gorelick^a/. (1995 Total number of plaques used for determining the mutant frequencies ranged from 1.6 X 10* (stomach) to 6.0 X 10° (liver). b Mutant frequency after correcting for clonal expansion (see text).
cycles of 95°C (20 s), 51°C (30 s) and 72°C (60 s). The PCR fragments were purified in batches of 20 using Promega Magic Prep columns and a Promega vacuum manifold according to the manufacturer's instructions. DNA concentrations were estimated after electrophoresis on an agarose gel and staining with ethidrum bromide.
Sequencing protocol
Thermal cycling sequencing was performed as described by the manufacturer (Pharmacia) with minor modifications. Sequencing gels were prepared using Pharmacia Ready Mix Gel ALF Grade. Approximately 50-100 ng DNA fragment and 3.7-5.0 pmol fluorescent sequencing pnmer (Dalton Chemicals, Toronto, Canada) were used per reaction. Primer 5'-GAATGGTGC-AAAACCTTTCGCG-3' (positions -41 to -20) was used as the first primer, covering the 5'-terminal part of the gene. Reverse primer 5'-TGCCTAATG-AGTGAGCTAACTCAC-3' (positions 1151 to 1128) covers the second half of the gene. When required, additional primers that cover intermediate regions were used for ambigous regions. Cycle sequencing was performed in a Perkin Elmer 9600 thermal cycler, using 25 cycles of 94°C (10 s), 50°C (20 s) and 72°C (30 s), after an initial denaturation step of 2 min at 94°C. Sequencing of the DNA fragments was done using automated DNA sequencers (ALF; Pharmacia).
The mutant sample inventory and DNA sequence data was managed using software especially developed for these projects (De Boer, 1995) . Sequence analysis and comparison of the mutant sequences with the wild-type sequence was done with SeqMan (DNAStar, Madison, WI).
Results
Mutants were recovered from somatic tissues, including liver, lung, spleen, kidney, stomach, bladder, bone marrow and skin. The uncorrected lad mutant frequencies in these tissues are shown in Table I along with the frequency after correction for likely clonal events. The mutant frequency in these tissues ranged from 2.5 ± 0.9 X 10" 5 (bone marrow) to 7.1 ± 1.0 X 10~5 (skin). The mutant frequency in male germ cell tissue has been reported as ~3-fold lower than in spleen (Kohler et al., 1991) , possibly reflecting the lower number of cell divisions required for formation of this tissue, in addition to other factors.
The nature of the mutations recovered from these tissues is described in Table II . Lung, spleen, bladder and bone marrow mutants are reported from two experiments each, which are shown separately in Table IT . The data presented include the distribution of mutations by class and the values corrected for possible clonal expansion. Correction entails the removal of all but one of the identical mutations from each animal. This conservative approach removes all possible cases that may be due to clonal expansion. This correction reduces the mutant frequency by a factor of 0.91-0.74, depending on tissue. In other words, 9-26% of all mutants recovered are possibly clonally related. As the animals used in all these studies were only 6-12 weeks old, this correction factor may be lower than would be seen in older adults.
A statistical analysis using the Adams and Skopek (1987) algorithm of the spectra from the same tissues indicates no difference in mutational spectra between the individual experiments. The two experiments from lung, spleen and bladder are similar to each other, with P values ranging from 0.38 to 0.58. The two spectra from bone marrow, however, appear dissimilar, with a P value of 0.01. However, one of these experiments provided only 28 independent mutations. This spectrum exhibits a lower than normal contribution of G:C->A:T transitions. These mutants were recovered from four animals, each providing six to eight mutants per animal. A far larger fraction than normal appeared to be clonal and the fraction of G:C-»A:T transitions from these four animals ranged from 17 to 29%. Three of the four animals had one or more A:T->C:G transversions, which is an uncommonly high fraction. Despite this variability, the number of mutants was not high. The reason for this is not clear. The individual spectra were pooled for further analysis.
G:C->A:T and G:C->T:A events are the major single classes of spontaneous mutations recovered from lad transgenic mice. The contribution of these G:C site alterations and the percentage of those that occur at 5'-CpG-3' dinucleotide sequences are shown in Table II , along with other classes of mutation. The values given reflect the data with and without correction for clonal expansion.
Discussion
This paper describes spontaneous mutational spectra in the lad gene recovered from bladder, bone marrow, kidney, lung, spleen, skin and stomach tissue. We recently described the mutational spectrum of 282 independent mutants recovered from the liver of Big Blue® lad mice (De Boer et al., 1997) . The mutant frequencies as well as the mutational spectra from the examined tissues are very similar, despite many differences between tissues that would be expected to affect mutant frequency as well as mutational spectra, such as mitotic index, metabolism and DNA repair.
Tissue differences
Tissues vary in their mitotic index. For example, heart cells and neurons in the mature brain do not divide (Rao and Loeb, 1992) , while spleen and epithelial cells (e.g. skin and small intestine) divide actively (Lipkin and Quastler, 1962) . Mitotic activity may be important for the fixation of lesions into mutations. For example, dimethylnitrosamine induces mutations in liver, but only at doses where cell proliferation is at least moderately stimulated (Mirsalis et al., 1993) .
DNA repair activity may also depend upon tissue type. 8-Hydroxyguanine glycosylase, however, which removes 8-hydroxyguanine residues, has been found to be ubiquitous in brain, liver and spleen in the rat (Lee.Y.S. et al., 1993) . Free radicals responsible for oxidative DNA damage are a by-product of normal cellular metabolism, so it is not too surprising that this defense is common among diverse cell types. In contrast, the repair rate of alkylated nucleotides is tissue dependent (Washington et al., 1988 (Washington et al., , 1989 Rafferty et al., 1992; Zaidi et al., 1993; Zaidi and O'Conner, 1995) . For example, in mice the stomach has very high levels of 3-methyladenine N-glycosylase, while the liver has one of the lowest levels (Washington et al., 1988) . Different levels of O6-methylguanine DNA methyltransferase were also Spontaneous mutation in lac I transgenlc mice: a comparison of tissues •The number of independent mutants. The number in parentheses is the number of mutants recovered. b The numbers in the mutation class rows are percentages. The numbers in parentheses are the percentage found at 5'-CpG-3' sites.
•The numbers in the mutation class rows are percentages. The numbers in parentheses are the percentage found at 5'-CpG-3' sites.
found in liver, lung, brain and ovaries of female mice (Washington et ai, 1989) . In addition, DNA repair activity may differ between cell types in an organ: O 6 -alkyl-DNA transferase activity varies significantly between the forestomach and corpus, with related tissues exhibiting intermediate values (Zaidi et al., 1993; Zaidi and O'Conner, 1995) . On the basis of tissue-specific differences in DNA repair, proliferation or metabolism we may expect to observe variation in the types of mutation recovered from different tissues.
The main components of spontaneous mutation spectra in the lacl gene
The pattern of spontaneous lacl mutation in transgenic mouse tissues is non-random. Transitions at G:C base pairs predominate and these occur most frequently at sites contained within 5'-CpG-3' dinucleotides (Table II) . The cytosines within these sequences are often methylated. Methylated cytosines are prone to deamination, which results in conversion of 5-methylcytosine to thymine. Unlike uracil (the deamination product of cytosine), thymine is not removed by uracil-DNA glycosylase (Duncan and Miller, 1980) . The resulting G:T mismatch will lead to a G:C->A:T transition, unless repaired by mammalian thymine-DNA glycosylase (Ehrlich et al, 1990) prior to DNA replication. The predominance of G:C->A:T transitions at 5'-CpG-3' sites has also been reported by others for the lad gene recovered from transgenic Big Blue® mice (see for example Provost and Short, 1994; Sisk et al., 1994; Gorelick et al., 1995) . This change does not predominate in the spectra of mutations recovered in the lad gene in Escherichia coli, where 5-methylcytosine occurs in 5'-CCAGG-3' sequences (Coulondre et al., 1978) . The prevalence of mutations at 5'-CpG-3' sequences is also evident among mutations in various inherited human diseases. Examples include genes involved in hemophilia, Gaucher's disease (Choy et al., 1994) and factor IX (Siguret et al., 1988; Ketterling et al., 1994) and the p53 gene (Rideout et al., 1990) .
The second largest class of substitution mutations observed in all tissues (Table II) are G:C->T:A transversions. The source of these events is unknown, but they may reflect 8-oxoguanine (8-oxoG), a product of the reaction between reactive oxygen species and DNA. DNA synthesis past an 8-oxoG lesion may involve incorporation of an adenine opposite the 8-oxoG to produce a G:C->T:A transversion. Moriya (1993) demonstrated that 8-oxoG in a single-stranded shuttle vector directs G-»T transversions (>78%) in simian kidney cells. Abasic sites may also generate G:C->T:A transversions by insertion of adenine opposite the lesion (Sagher and Strauss, 1983) . Distortions of the sugar-phosphate backbone are minimal for both 8-oxoG:G and 8-oxoG:A mispairs, but are sequence dependent (Poltev et al., 1993) . G:C-»C:G transversion may be accounted for by replication of 8-oxoG:G mispairs. Accordingly, transversions at G:C base pairs would also be accounted for by oxidative damage. The fact that G:C->C:G transversions are relatively rare may reflect the activities of OH 8 Gua glycosylase and OH 8 Gua endonuclease (Bessho et al., 1993) , as well as an 8-oxo-dGTPase, which acts upon the dGTP nucleotide pool (Sakumi et al., 1993) ; all three activities have been identified in human cells. In E.coli MutY and MutM remove 8-oxoG lesions from DNA, greatly reducing transversion at G.C sites (Michaels et al., 1992) .
The remaining mutations found in the spontaneous spectra are mainly comprised of frameshifts, deletion and insertions. Approximately 50% of all frameshifts are found in runs of identical nucleotides, with deletions of single base pairs 3-fold more frequent than additions. Deletions range from a few base pairs to ~80 bp. However, the Big Blue® system is capable of recovering longer deletions, as the longest deletion we have recovered in this system spans 800 bp of lad sequence (Stuart et al., unpublished results) . Much larger deletions cannot be recovered because of bacteriophage packaging restrictions, the PCR amplification strategy and the fact that intergenic deletions cannot be recognized as such (Dycaico et al., 1994) . Moreover, the lacl gene is exquisitely sensitive to base substitutions, which lowers the potential for deletion recovery.
Mutational differences between tissues
Organs develop from different cell layers during embryogenesis. The spleen, bone marrow and kidneys develop from the mesoderm layer, while the liver and the epithelial lining of the bladder, stomach, gut and lung develop from the endoderm. Skin and other epidermal cells are derived from the ectoderm (Langman, 1973) . Such differences may underly variations in metabolism and DNA repair and be reflected in the origin of spontaneous mutations. Table III shows the results of statistical analyses using the approach of Adams and Skopek (1987) , performed to compare the distribution of mutation classes in the tissues studied here. The analysis also includes the contribution of G:C-»A:T transitions at CpG and non-CpG sites. With the exception of bladder, mutational spectra from the various tissues are very similar. In the case of bladder, however, the distribution of transitions at CpG sites was enhanced compared with that seen in other tissues. This may reflect differences in CpG methylation that occur in the bladder during development. Additionally, this difference may potentially reflect the lower pH (as low as 5) of urine (Kadlubar et al., 1991) , which may result in a lowering of the intracellular pH in the cells lining the bladder. A reduced pH would enhance the rate of deamination (Wang et al, 1982) and, hence, account for the enhanced recovery of transitions found at 5'-CpG-3' dinucleotides in the bladder (Table II) .
While unique, the mutational spectrum in bladder is closest to that obtained from kidney (Table III) , even though kidney and epithelial lining of the urinary bladder are not derived from the same embryonic tissue. We must point out, however, that the tissues examined in this study are not differentiated by tissue layer. The bladder and kidney, for example, are built from different tissue layers which may not be derived from the same embryonic stem cells. Bladder is also the only tissue that was isolated from female animals. This may also contribute to the difference in spectra between bladder and other tissues. The mutational spectrum in skin does not differ substantially from that seen in other tissues (Table UT) . It is the only tissue in this survey that originates from the ectoderm.
Different cell types have different enzymatic make-ups. For example, relatively high expression of enzymes involved in metabolic activation and deactivation of exogenous compounds, including the P450 cytochromes and various transferases (Rosenberg, 1991; Simpson et al, 1993; Kashfi et al, 1994) , is found in the liver. Cells in the bone marrow also differ from other tissues due to the fact that they express high levels of myeloperoxidases. These differences in the levels of enzymes may be directly involved in the cell-specific response to exogenous compounds, but may have only minor consequences for spontaneous mutation, as indicated by the data presented here.
The minor differences in spectra among these tissues may be partly due to differential methylation. The X. shuttle vector in Big Blue® mice is heavily methylated (Kohler et al, 1990) and this is probably also true of the lacl gene (Hogreve, unpublished data). Overall, the role of 5'-CpG-3' sites seems fairly consistent in all of the tissue types examined. Mutational spectra differences could reflect differences in the levels or the sites of methylation. The large contribution of G:C->A:T transitions at 5'-CpG-3' sequences, however, may mask tissuespecific differences in other types of mutations. An examination of this issue would require the sequencing of a larger number of mutants or the construction of strains with a significantly reduced number of 5'-CpG-3' sequences. Such a lad gene has been constructed (Skopek et al, 1996) . The calculation of P values was according to Adams and Skopek (1987) , using the mutation classes shown in Table II with G:C-»A:T transitions separated into CpG and non-CpG groups. sequences of the coding strand of the lael gene are compared in Table IV (corrected for clonal expansion). C->T transitions would reflect methylation of cytosine in the coding strand, while G-»A transitions would reflect methylation of cytosine in the non-coding strand. There is no evidence for strand specificity of potentially deamination-mediated transitions in these tissues, as the number of changes at the C and the G of 5'-CpG-3' sequences are very similar, with the possible exception of kidney, where a weak preference for the coding strand is noted. Overall, when applying a goodness-of-fit test on the two data sets (at C and at G) using the seven tissues as seven groups a P value of 0.84 is obtained (X 2 = 2.7 for 6 degrees of freedom). This finding is consistent with the report that the integrated lael gene is heavily methylated and not expressed in mouse germ cells (Provost and Short, 1994) .
Comparison between experiments
The statistical similarity between spectra of mutations recovered from different experiments for a given tissue highlights the reproducibility of these spectra when sufficient numbers of mutants are analyzed. The 'outlier' spectrum for bone marrow contains a relatively small number of mutants (28 independent mutants) and may indicate that the number of mutants required for analysis is larger.
We note that the distribution and nature of mutations may vary between different experiments or laboratories. The reasons for these variations may rest in different sensitivities of color detection or the use of different animal strains, sexes or ages. However, analysis of 22 mutants with a faint blue phenotype (CM0 and CM1) recovered from control animals from various experiments indicates that there is no difference in spectrum (P > 0.9), using the Adams and Skopek (1987) statistical assay, when compared with mutations with all ranges of detectable colors (De Boer et al, submitted) . Even frameshift and termination mutations may result in a light as well as a dark plaque color. This indicates that an inability to detect very faint blue mutant plaques, although it will underestimate the mutant frequency, may not alter the mutant spectrum. Data collected before assay standardization is therefore not expected to change the spectra. In addition, there is no great difference in mutational spectra between the B6C3F1 and C57BL/6 lines, other than possibly a difference in the fraction of G:C-»A:T transitions found at 5'-CpG-3' dinucleotides in liver (De Boer et al, 1997) .
The utility of the transgenic system for mutation detection is greatly enhanced by the ability to examine mutational events at the DNA sequence level. This provides a unique opportunity to detect mutation at levels that only marginally increase the observed mutant frequency. For example, tris(l,2-dibromopropyl)phosphate increased the mutant frequency in the kidney of Big Blue® mice by only ~50%, however, an examination of the mutational spectrum revealed a significant increase in frameshift mutations (De Boer et al, 1996) . In addition, DNA sequence analysis may provide insight into the mechanisms of mutagenesis. Spontaneous mutation has characteristic elements and this feature allows detection of changes in the spectrum of recovered mutations. The establishment of spontaneous spectra for various tissues is an important milestone for comparison of these induced spectra.
